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abstract: One of the most challenging questions in evolutionary
biology is how sex has evolved in the face of substantial fitness costs.
In this study, we focus on the evolution of bacterial sex in the form
of natural transformation, where cells take up exogenous DNA and
integrate it into the genome. Besides the physiological cost of pro-
ducing a DNA uptake system, transformation can potentially impose
a genetic cost as a result of an overrepresentation of deleterious
mutations in the extracellular DNA pool. On the other hand, the
uptake of DNA can be beneficial not only because of genetic effects
but also because of the immediate nutritional value of the DNA. To
disentangle these fitness costs and benefits, we developed a mathe-
matical model and competed three bacterial types during adaptation
to a new environment: competent cells capable of DNA import and
digestion; competent cells capable of DNA import, digestion, and
recombination; and noncompetent cells. Our results indicate a com-
plex interplay between several physiological and ecological factors,
including the rate at which DNA is taken up, the rate of DNA decay
in the medium, and the nutritional value of DNA. In finite popu-
lations, the recombining type is often favored through the Fisher-
Muller effect.
Keywords: evolution of sex and recombination, natural transformation,
Fisher-Muller effect, adaptation, costs of sex, natural competence.
Introduction
The evolution and maintenance of sex and recombination
is one of the most challenging topics in evolutionary biology
(reviewed in Otto and Gerstein 2006; Otto 2009). Under-
standing the conditions under which recombination is ben-
eficial is difficult enough, but to complicate matters, sex is
usually associated with traits and fitness effects not directly
related to recombination. This includes various costs of sex
(such as the cost of finding a mate and mating itself), sex-
ually transmitted parasites, costs incurred through sexual
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conflict, and the twofold cost of sex (Lehtonen et al. 2012;
Meirmans et al. 2012). On the other hand, sex may also
have beneficial collateral effects on fitness, for example, by
efficiently purging deleterious mutations through sexual se-
lection (Agrawal 2001; Siller 2001).
The vast majority of previous studies have focused on
the costs and benefits of sex and recombination in eu-
karyotes. However, many bacteria also undergo recom-
bination, with its own suite of associated traits and fitness
effects. Among different mechanisms of recombination in
bacteria, natural transformation is perhaps the most in-
teresting because it is controlled directly by genes on the
bacterial chromosome. Transformation is the active uptake
of naked DNA molecules from the environment into cells,
followed by DNA incorporation into the genome (Lorenz
and Wackernagel 1994). Transformation usually requires
that the bacteria enter a physiological state called natural
competence, which may be triggered by environmental
stress, such as starvation. More than 60 species of bacteria
have been reported to undergo transformation (Johnsborg
et al. 2007), including important human pathogens such
as Streptococcus pneumoniae and Haemophilus influenzae.
Despite its importance for bacterial evolution (Lorenz and
Wackernagel 1994; Domingues et al. 2012), the evolu-
tionary forces responsible for the evolution and the main-
tenance of natural competence in bacteria are still under
debate (Redfield 2001; Michod et al. 2008; Vos 2009).
Like sex and recombination in eukaryotes, transfor-
mation is associated with physiological and genetic costs
as well as benefits. First, there are physiological costs due
to the expression of a group of interacting protein com-
plexes that are required for the development of natural
competence. These protein complexes, identified in both
Gram-positive and -negative bacteria, are involved in the
DNA uptake, DNA translocation through membranes,
DNA protection, and homologous recombination (Dub-
nau 1999; Chen and Dubnau 2004).
Second, bacterial recombination via transformation,
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even in the absence of any epistatic interactions between
genes, may entail a substantial genetic fitness cost that is
absent in eukaryotic recombination. This cost arises be-
cause the free DNA in the medium may originate from
dead cells carrying deleterious mutations (Redfield 1988;
Redfield et al. 1997). Thus, bacterial recombination with
free DNA fragments could impede adaptation because the
DNA fragment pool is likely to carry a higher genetic load
than the bacterial population itself. Moreover, DNA can
persist in natural environments for long periods of time
(Romanowski et al. 1992; Alvarez et al. 1996; Nielsen et
al. 2007; Dejean et al. 2011) and therefore may make trans-
formation even more unfavorable in continuously adapt-
ing populations. We refer hereinafter to this genetic cost
as the bad genes effect.
The main evolutionary benefit of natural competence
is generally seen in the generation of genetic diversity
through transformation (Narra and Ochman 2006; Vos
2009). This is the prokaryotic version of theories for the
evolutionary advantage of sex and recombination in eu-
karyotes. For example, recombination can bring together
beneficial mutations that have arisen in different individ-
uals. Consequently, in finite populations, recombination
can alleviate the competition between the beneficial mu-
tations (clonal interference) and accelerate adaptation.
This accelerating effect is referred to as the Fisher-Muller
effect (Fisher 1930; Muller 1932) and, in the context of
natural transformation, has been scrutinized theoretically
(Cohen et al. 2005; Levin and Cornejo 2009; Wylie et al.
2010) and corroborated experimentally (Baltrus et al. 2008;
Perron et al. 2012; but see also Bacher et al. 2006).
On the other hand, a distinctive feature of transfor-
mation is that bacteria may use the incoming DNA for
purposes unrelated to recombination. Indeed, it has been
proposed that the main function of natural competence
is to use the DNA taken up from the environment for
DNA repair (Michod et al. 1988; Wojciechowski et al. 1989;
Hoelzer and Michod 1991) or as a nutrient (Redfield 1993;
Redfield 2001). This latter hypothesis is supported by the
fact that some bacteria can indeed grow on DNA as a food
source (see “Discussion”), but both hypotheses remain
controversial (Dubnau 1999; Narra and Ochman 2006),
and experimental tests are still limited.
All of these costs and benefits may operate simulta-
neously and interact in complicated ways to generate se-
lection for or against natural competence. In spite of this,
previous theoretical studies have mostly focused on the
benefit of transformation in creating genetic diversity. For
example, previous models usually assumed that the com-
position of the free DNA pool is identical to that of the
cell population (Cohen et al. 2005; Levin and Cornejo
2009; Wylie et al. 2010; Moradigaravand and Engelsta¨dter
2012); hence, the detrimental effect of recombination with
DNA originating from dead cells in the medium was not
considered. Some studies took this effect into account
(Redfield 1988; Redfield et al. 1997) but ignored possible
stochastic benefits of recombination. Furthermore, to our
knowledge, a potential nutritional value of DNA has never
been incorporated into models exploring the evolution of
competence.
In this work, our aim is to disentangle the effects of
various physiological and genetic costs and benefits and
assess their relative importance in favoring or disfavoring
natural competence and transformation. Transformation
is widespread across bacterial species and is the only bac-
terial gene exchange mechanism that is encoded only in
the recipient chromosome (perhaps along with gene trans-
fer agents; see Lang et al. 2012). In this sense, it can be
regarded as the bacterial counterpart to the meiotic sex in
eukaryotes. Studying the evolution of bacterial transfor-
mation will therefore allow us to understand whether sex
has evolved for the same purpose in bacteria as in
eukaryotes.
We constructed a model to investigate the evolution of
natural competence. Our model assumes a free DNA pool
with DNA molecules originating from dead cells and al-
lows for a nutritional benefit of DNA molecules. We con-
sider three bacterial types: two competent and one non-
competent. The two competent types differ from each
other in that the competent for nutrition type digests only
the imported DNA, whereas the competent for recombi-
nation type may also undergo homologous recombination
with the imported DNA. We study the dynamics of pair-
wise competitions between these three types under differ-
ent conditions in the course of adaptation. Our results
indicate that in finite populations, natural competence for
recombination is often favored in spite of physiological as
well as genetic costs of competence.
The Model
We consider a continuous time model where each indi-
vidual is characterized by a genotype consisting of L bial-
lelic loci. Thus, there are 2L possible genotypes in the pop-
ulation. Deleterious and beneficial alleles are represented
by 0 and 1, respectively. The logistic model of growth is
assumed. The population undergoes mutation and selec-
tion. Forward ( ) and backward ( ) mutations0 r 1 1 r 0
occur at the same rate.
The death rate of genotype i is given by , wherem  qi
m is the intrinsic death rate and takes the same value for
all genotypes. The term qi is the genotype-dependent death
rate that takes values according to
q p ns. (1)i
Here, n ( ) denotes the number of deleterious0 ≤ n ≤ L
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alleles (number of 0’s) in the genotype, and s is the se-
lection coefficient. This assumes that there is no epistasis
between loci.
Upon death, cells release part of their genomic DNA
(one allele) into the DNA fragment pool. The extent to
which DNA remains intact in decomposing bacteria is not
well studied, but we expect that our results will generally
hold for the case where all alleles are released into the
environment. Since there are L positions on the genomic
DNA from which DNA fragments can originate, there are
2L possible DNA fragments (alleles) in the pool.
We consider two competent and one noncompetent cell
type. The noncompetent (NC) cell type does not take up
any DNA. The competent for nutrition (CFN) type im-
ports DNA fragments at a certain uptake rate u. The CFN
type does not incorporate this DNA into its genome but
metabolizes the DNA, which results in an increase in
growth rate by an amount per DNA fragment taken up.v
On the other hand, as shown for Bacillus subtilis (Haijema
et al. 2001), we assume that competence results in a re-
duced growth rate. This imposed cost of competence is
independent of whether and how much DNA is taken up
and is denoted by c. Although competence can also affect
the intrinsic death rate, we did not include such an effect
in our model. Moreover, we did not consider competence
as a temporal state that is acquired and lost over time
depending on the condition (see “Discussion”).
Finally, the third type is the competent for recombi-
nation (CFR) type, which is also capable of taking up the
DNA fragments from the fragment pool. However, in con-
trast to the CFN type, this type undergoes recombination
in that the internalized DNA replaces the homologous
allele with a certain incorporation probability g. The CFR
type suffers from the same cost of competence c as the
CFN type and, importantly, also benefits from the nutri-
tional value of the DNA that is taken up in the same way
as the CFN type does. This is because whether or not the
exogenous DNA fragment is incorporated into the ge-
nome, there will always be a DNA fragment (the original
exogenous DNA or the replaced DNA) that is available
for metabolism.
To study the competition dynamics between the three
cell types, we developed both a deterministic and a sto-
chastic version of our model. Here, we describe only the
stochastic version; the differential equations for the de-
terministic version are given in the appendix (available
online).
The stochastic model is based on a modified version of
a previously developed hybrid algorithm (Zhu et al. 2011),
which we have recently adapted for bacterial populations
(Moradigaravand and Engelsta¨dter 2012). Here, the cell
subpopulations of different genotypes are modeled as com-
partments with discrete sizes. Several events (birth, death,
mutation, uptake, and degradation) alter the size of these
compartments. The algorithm employs Gillespie’s exact
algorithm (Gillespie 1977, 2007) and coarse-grained t-
leaping (Gillespie 2001) to simulate transitions in small
and large subpopulations, respectively. The efficiency and
accuracy of this algorithm was shown for the stochastic
simulation of events in large populations (Zhu et al. 2011).
The events in the stochastic model are defined as follows.
1. Birth: a competent cell is born at the rate (1 
. A noncompetent cell is born at the rateX/K)(r  Fvu  c)
. The growth rate is r, and K is the carrying(1  X/K)r
capacity of the environment. The terms X and F denote the
total number of bacteria and DNA fragments, respectively.
2. Death and release of DNA fragment into medium: a
competent or noncompetent cell with genotype i dies and
releases one DNA fragment of size 1 into the DNA pool
at the rate . The rate of release of each allele fromm  qi
a genome of size L is .1L (m  q )i
3. Uptake with recombination: a CFR cell takes up a
DNA fragment of genotype k. The rate of this event is ufk.
The DNA piece is replaced with the homologous segment
on the genome with probability g. Through recombination,
a cell can be converted to another cell type if the recom-
bination occurs with a segment of a different allele than
the corresponding genomic allele. This event removes one
piece of DNA of genotype k from the DNA pool.
4. Uptake without recombination: a CFN cell type takes
up a DNA fragment with genotype k at the rate ufk. This
results in the removal of one DNA from the DNA pool.
Although the genotype of the DNA fragment does not
matter for the cell and the cell population is unaffected
by this event, the composition of the DNA fragment pool
is changed, which in turn may influence the dynamics of
the CFR cells.
5. Degradation: a piece of DNA is degraded at the rate
d. This degradation rate is independent of the genotype
of the DNA fragment and applies only to the DNA frag-
ment pool.
6. Mutation: a cell undergoes mutation and converts to
another cell type via point mutation with rate m.
The parameters used in the model are defined in table
1, with standard values and units for all parameters in-
dicated. The stochastic simulations converge to the deter-
ministic solutions at high mutation rates. The stochastic
simulation framework was developed in Java. In all sim-
ulations, it was assumed that the bacterial population ini-
tially consists of only the wild type genotype (all 0 alleles)
and is introduced to a new environment where there is
directional selection. Simulations ran for 104 time units.
If the growth rate equals 0.1, the doubling time in the
exponential phase is 0.14. Therefore, during 10,000 time
points, each cell would undergo ∼71,429 divisions if re-
sources were infinite.
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Table 1: Glossary of mathematical notation
Parameter Description Standard values and units
K Carrying capacity of the medium 108
L Number of loci 2, 4
m Intrinsic death rate .001 (per bacterium per unit time)
m Mutation rate 108 (per bacterium per unit time)
r Intrinsic growth rate .1 (per bacterium per unit time)
s Selection coefficient .02, .01 (per bacterium per unit time)a
X0 Initial population size 6 # 10
7
u Uptake rate 107, 1010, 1013 (per bacterium per DNA fragment per unit time)b
c Cost of competence .001 (per bacterium per unit time)b
v Nutritional value of single allele 0b
d Decay rate of DNA pieces 0 (per DNA fragment per unit time)b
g Incorporation probability of internalized DNA 1c
F Total number of DNA fragments ...
X Total population size ...
XCFN Population size of the CFN type ...
XCFR Population size of the CFR type ...
a Value is 0.01 for the four-locus case and 0.02 for the two-locus case.
b The effect of varying the parameter is examined in “Results.”
c The effect of varying the parameter is examined in the appendix (available online).
Results
This section is divided into three parts. First, we present
some analytical results on the dynamics of the competition
between the NC and the CFN cell types. Next, we examine
the effects of various ecological or physiological factors on
the competition dynamics between the CFR and the CFN
type and finally the competition between the CFR and the
NC types in the course of adaptive evolution.
We also studied the competition between all the three
types simultaneously, but we found that the resulting dy-
namics can be readily understood from the pairwise com-
petitions dynamics. Therefore, we do not present the re-
sults of this competition here.
Competition between the NC and the CFN Populations
Since the NC and CFN types are affected by mutation and
selection in exactly the same way, we analyzed the NC-
CFN competition by neglecting mutation between and se-
lection on the different genotypes. As shown in the ap-
pendix, our analytical results indicate that the CFN type
invades a population of NC types when the fitness cost c
of competence is less than the net fitness benefit of¯uvf
the imported DNA, that is, the product of uptake rate,
nutritional value, and equilibrium abundance of free DNA.
Furthermore, because of the consumption of DNA by the
CFN type, for a range of parameters values there exists a
stable equilibrium point where both NC and CFN types
coexist. These rather intuitive results are also in agreement
with numerical solutions of our system of differential
equations.
Competition between the CFR and the CFN Populations
In this section, we employ the deterministic and stochastic
versions of our model to study the dynamics of the com-
petition between the CFR and the CFN populations in the
course of adaptation. Since these types are both competent,
we did not investigate the impact of the cost of competence
c or the nutritional value of DNA fragments. We assumev
that initially, the population is composed equally of the
CFR and the CFN types and is at the nonadapted carrying
capacity (all 0 alleles). Unless indicated otherwise, param-
eters take values according to table 1.
We first studied the deterministic dynamics of the CFR-
CFN competition at different uptake rates in the two-locus
setting. Here, there are four bacterial genotypes (00, 01,
10, and 11) and four genotypes in the DNA fragment pool:
the 1_ and 0_ fragments that are homologous to the first
allele on the genome, and the _1 and_0 fragments that
are homologous to the second allele on the genome.
Figure 1 shows the dynamics of the CFR and the CFN
populations and the free DNA fragments at three different
uptake rates in the deterministic model. It can be seen
that the CFR type always decreases in frequency relative
to the CFN type. However, the competition dynamics are
markedly different under the three different uptake rates.
At the low DNA uptake rate, the CFR type gradually di-
minishes over time until it becomes extinct (fig. 1A). At
the intermediate uptake rate, the decline in the CFR pop-
ulation occurs much faster (fig. 1B), whereas it is again
slower at the high uptake rate and a polymorphism where
both types coexist is reached (fig. 1C).
These competition dynamics can be understood by con-
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Figure 1: Effect of DNA uptake rate on the deterministic dynamics of the competition between the competent for recombination (blue)
and the competent for nutrition (orange) populations (A–C) and the respective DNA fragment pool (D–F) at three DNA uptake rates:
(A, D), (B, E), and (C, F). In D–F, the red curves show the number of 0_, _0 fragments in the DNA fragment13 10 7u p 10 u p 10 u p 10
pool, whereas the green curves show the number of 1_, _1 fragments in the DNA fragment pool. Note the different scales of the Y-axes
in the plots of the DNA fragments in D–F. Parameters: , , , , , , , ,8 8d p 0 r p 0.1 m p 10 K p 10 c p 0.001 m p 0.01 s p 0.02 L p 2 g p
, .1 v p 0
sidering the dynamics of the pool of free DNA (fig. 1D–
1F). During the initial phase of adaptation, DNA fragments
containing the 0 allele at either locus accumulate rapidly
in the medium. By incorporation these fragments into
their genome, bacteria of the CFR type may replace novel,
beneficial alleles by these deleterious alleles, which explains
their selective disadvantage (the bad genes effect). At very
low uptake rates, this disadvantage becomes small because
although most free DNA fragments contain deleterious
alleles, only few of these fragments are taken up by the
CFR bacteria. On the other hand, at very high uptake rates,
the disadvantage of the CFR type also becomes smaller
because the free DNA is quickly purged by the CFR type:
with increasing uptake rate, the genetic composition of the
free DNA becomes increasingly similar to that of the living
bacteria, so that the bad genes effect is alleviated.
In the deterministic simulations, no advantage to re-
combination can arise in our model because no linkage
disequilibrium builds up in the bacterial population.
Therefore, we next studied the CFR-CFN competition dy-
namics in the presence of stochastic effects, where recom-
bination can become beneficial through the Fisher-Muller
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Figure 2: Stochastic dynamics of the competition between the com-
petent for recombination (CFR) and the competent for nutrition
(CFN) populations at three uptake rates: (A),13 10u p 10 u p 10
(B), and (C). The blue and orange curves represent the7u p 10
dynamics of the CFR and the CFN populations in 50 stochastic
simulations, respectively. Parameters: , , ,8d p 0 r p 0.1 m p 10
, , , , , , .8K p 10 c p 0.001 m p 0.01 s p 0.02 L p 2 g p 1 v p 0
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Figure 3: Effect of DNA uptake rate value on the stochastic dynamics
between the competent for recombination (CFR) and the competent
for nutrition (CFN) populations in the four-locus setting. Plot il-
lustrates the CFR frequency values measured after 9,900 time units.
Boxes give the interquartile range. Outliers, shown as points, are
defined as exceeding 1.5 times the interquartile range. Whiskers are
extended to the farthest points from the end of boxes that are not
outliers. Triangles and squares show the median values of the min-
imum and the maximum of the CFR frequency values in 100 sim-
ulations, respectively. Dashed red line shows the initial CFR fraction.
Parameters: , , , , ,8 8d p 0 r p 0.1 m p 10 K p 10 c p 0.001 m p
, , , , .0.01 s p 0.01 L p 4 g p 1 v p 0
effect. We ran the stochastic simulations 50 times with the
same parameters as in the deterministic model.
The resulting dynamics exhibit distinct phases of in-
creasing and decreasing frequency of the CFR type (fig.
2), indicating a complex interplay between the Fisher-Mul-
ler and the bad genes effect. The Fisher-Muller effect is
very pronounced for all three uptake rates investigated in
figure 2, but only for very low or very high uptake rates
does it lead to fixation or near fixation of the CFR type.
This is in line with the deterministic results showing that
the bad genes effect is strongest for intermediate uptake
rates. Nevertheless, even for the intermediate uptake rate,
the boost in the frequency of the CFR type caused by the
Fisher-Muller effect is strong enough to prevent this type
from becoming extinct and to allow it to stably coexist
with the CFN type following the phase of adaptation.
More light can be shed on the evolutionary dynamics
by considering the genetic load of the two competing pop-
ulations as well as the genetic load of the free DNA pool
(fig. A1 [figs. A1 and A2 available online]). The evident
higher genetic load of the free DNA compared with the
CFR population is the basis of the bad genes effect. This
effect is very persistent with the low uptake rate, which
explains the decline of the frequency of the CFR type
following the adaptive phase.
We also performed simulations for the four-locus setting
and plotted the final frequency of the CFR type for all
simulations (fig. 3). In order to capture the dynamics of
the CFR type in the course of evolution, we also measured
the maximum and the minimum CFR frequency over time.
As in the two-locus case, as a result of the bad genes effect,
there is an initial drop in the frequency of the CFR cells
at high uptake rates. In the long term, however, the CFR
type always reaches fixation at all moderate and high up-
take rates, indicating that here the Fisher-Muller effect is
stronger than in the two-locus setting. This effect is still
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Figure 4: Effect of the free DNA decay on the stochastic dynamics of the competition between the competent for recombination (CFR)
and the competent for nutrition (CFN) populations in the two-locus (A–C) and four-locus (D–F) settings at three uptake rates: u p
(A, D), (B, E), and (C). See figure 3 for definitions of boxes, outliers, whiskers, triangles, and squares. Parameters:13 10 710 u p 10 u p 10
, , , , , (A–C), (D–F), , .8 8r p 0.1 m p 10 K p 10 c p 0.001 m p 0.01 s p 0.02 s p 0.01 g p 1 v p 0
well pronounced, with uptake rates as low as 1016 (see
“Discussion”).
We also studied the case where only a fraction of the
internalized DNA molecules undergoes homologous re-
combination. Figure A2 shows that the CFR population
still prevails over the CFN type even at fairly low incor-
poration rates, provided that the rate of DNA uptake is
high.
We next examined the effect of the durability of the
DNA in the medium on the CFR-CFN competition (fig.
4). DNA decay should gradually purge old, deleterious
alleles from the pool of free DNA. Figure 4A shows that
higher rates of DNA degradation indeed slightly increase
the fitness of the CFR population at the low DNA uptake
rate in the two-locus case. The effect is especially seen in
the disappearance of the last phase (where in the absence
of DNA decay, the CFR type steadily declines in frequency
as a result of recombination with deleterious alleles). At
a high decay rate, the CFR population loses its advantage
because of the unavailability of DNA fragments in the
medium. At an intermediate rate, DNA decay strongly
favors the CFR type (fig. 4B), whereas at the high uptake
rate, the CFR population fitness is not influenced by the
genotypic composition of the free DNA pool (fig. 4C)
because most of the exogenous DNA is immediately taken
up by the cells and is not subject to degradation.
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Figure 5: Stochastic dynamics of the competition between the com-
petent for recombination (CFR) and the noncompetent (NC) pop-
ulations at three uptake rates: (A), (B), and13 10u p 10 u p 10
(C). The blue and black curves represent the CFR and the7u p 10
NC population sizes in 50 stochastic simulations, respectively. Pa-
rameters: , , , , ,8 8d p 0 r p 0.1 m p 10 K p 10 c p 0.001 m p
, , , , .0.01 s p 0.02 L p 2 g p 1 v p 0
In the four-locus setting, the CFR type outcompetes the
CFN type even in the absence of DNA degradation (fig.
4D–4F). However, at a low DNA uptake rate, similar to
the two-locus case, the CFR type loses its advantage in
some simulations if DNA degradation is high (fig. 4D). In
the intermediate uptake rate regime, although the outcome
of the competition in the long term is not influenced by
the DNA stability, the short-term disadvantage due to the
initial uptake of low-quality DNA disappears at high DNA
degradation rates (fig. 4E). At the high DNA uptake rate,
the dynamics of the system remain completely unaffected
by the decay of DNA (fig. 4F).
Competition between the CFR and the NC Populations
In this section, we focus on the competition between the
competent for recombinant (CFR) and the noncompetent
(NC) types. After again investigating the effect of the up-
take rate, we focus on two physiological factors that are
relevant in this competition: the cost imposed by com-
petence and the nutritional value of free DNA.
Similar to the CFR-CFN competition, the deterministic
simulations exhibit a nonmonotonic behavior with dif-
ferent uptake rates (results not shown). However, in con-
trast to the CFR-CFN competition, more deleterious alleles
accumulate in the DNA pool because only one cell type
is taking up DNA from the medium. Hence, the low-
quality DNA in the environment is purged at a lower pace,
resulting in a more pronounced bad genes effect and stron-
ger selection against the CFR type.
This stronger bad genes effect is also apparent in the
stochastic setting (fig. 5; compare with fig. 2). In addition,
the fitness of the CFR type is further reduced by the cost
of competence. Nevertheless, with the low uptake rate, the
Fisher-Muller effect can still produce a strong increase in
the frequency of the CFR type (fig. 5A). Following the
adaptive phase, recombination with the deleterious alleles
in the medium and the cost of competence lead to a decline
in the frequency of the CFR type that is stronger than that
in the CFR-CFN competition with the same uptake rate.
At the intermediate uptake rate, the bad genes effect is so
strong that the CFR population becomes extinct before
the Fisher-Muller effect can play any role in the compe-
tition (fig. 5B). At the high rate uptake, the Fisher-Muller
effect is again much less pronounced than in the CFR-
CFN competition at the uptake rate, but the CFR type is
still maintained in the population at a low or intermediate
frequency in most simulations (fig. 5C).
Figure 6 plots the outcomes of the competition at in-
creasing costs of competence for both the two- and four-
locus settings. At the low uptake rate, higher costs of com-
petence intensify the CFR population decline in the short
term and thereby also limit the Fisher-Muller effect. More-
over, with higher costs of competence, the CFR population
declines at a higher speed, following the adaptive phase.
In the two-locus case, the CFR type reaches a high fre-
quency only with relatively small costs of competence (fig.
6A). By contrast, in the four-locus setting, the Fisher-Mul-
ler effect is sufficiently strong to fix the CFR population,
even in the presence of high cost for competence (fig. 6D).
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Figure 6: Effect of the cost of competence on the stochastic dynamics between the competent for recombination (CFR) and the noncompetent
(NC) populations in the two-locus (A–C) and four-locus (D–F) settings at three uptake rates: (A, D), (B, E), and13 10u p 10 u p 10
(C, F). See figure 3 for definitions of boxes, outliers, whiskers, triangles, and squares. Parameters: , , ,7 8u p 10 d p 0 r p 0.1 m p 10
, , (A–C), (D–F), , .8K p 10 m p 0.01 s p 0.02 s p 0.01 g p 1 v p 0
At the intermediate uptake rate, the CFR population
becomes completely extinct, even in the absence of cost
of competence in both two- and four-locus cases (fig. 6B,
6E). At high uptake rates, an increasing cost of competence
also reduces the CFR fitness in the short and long term
(fig. 6C, 6F). Here, only in the four-locus case and with
absent or low costs of competence does the CFR type reach
a high frequency in the population.
In all cases studied so far in the CFR-NC competition,
we assumed that the imported DNA has no nutritional
value. We next examined how the dynamics change when
the degradation of the internalized DNA leads to an in-
crease in the growth rate of the CFR type. To this end, we
performed competition simulations with different nutri-
tional values for DNA fragments.
As anticipated, the nutritional impact confers higher
advantage to the CFR type at higher DNA uptake rates
(fig. 7). At a low uptake rate, increasing the DNA nutri-
tional value does not significantly affect the fitness of the
CFR type in both the two- and the four-locus settings (fig.
7A, 7D). At an intermediate uptake rate, despite a tem-
porary increase in frequency when the DNA food value is
high, the CFR type always becomes extinct in the long
term, except in the four-locus case and with a very high
food value (fig. 7B, 7E). At a high uptake rate, an increasing
food value of the DNA can offset the temporary decline
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Figure 7: Effect of DNA nutritional value on the stochastic dynamics between the competent for recombination (CFR) and the noncompetent
(NC) populations in the two-locus (A–C) and four-locus (D–F) settings at three uptake rates: (A, D), (B, E), and13 10u p 10 u p 10
(C, F). See figure 3 for definitions of boxes, outliers, whiskers, triangles, and squares. In A, simulations were performed 200 times7u p 10
instead of 50 times. Parameters: , , , , , , (A–C), (D–F), .8 8d p 0 r p 0.1 c p 0.001 m p 10 K p 10 m p 0.01 s p 0.02 s p 0.01 g p 1
in frequency of the CFR type and also lead to fixation of
the CFR type in the two-locus case (where without a nu-
tritional value of DNA no fixation occurs). In summary,
these results indicate that a substantial nutritional value
of DNA has the potential to overcome the deleterious bad
genes effect.
Discussion
Investigating the evolutionary advantages and disadvan-
tages of competence in bacteria may inform us about to
what extent theories of the evolution of sex in eukaryotes
apply to bacteria. Like sex in eukaryotes, transformation
in bacteria has its own genetic and physiological costs and
benefits, the trade-offs between which determine the fit-
ness of competent bacteria in the short and long term.
Incorporating some specific costs and benefits of trans-
formation in bacteria, we constructed a mathematical
model to study possible evolutionary advantages and dis-
advantages of transformation in the course of adaptation
to a new environment. To this end, we considered three
bacterial types: a type that does not take up DNA (non-
competent [NC]), a type that takes up DNA but does not
recombine with that DNA (competent for nutrition
[CFN]), and a type that takes up DNA and may incor-
porate DNA taken up from the environment into its ge-
nome (competent for recombination [CFR]).
Our model incorporates four factors that may affect the
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Table 2: Some potential costs and benefits of bacterial transformation
Effect Description Present in meiotic sex?
Costs:
Physiological Reduced growth rate due to development of DNA uptake and recombina-
tion machineries
Yes, but in a different way
Bad gene effect Slowed adaptation due to recombination with free DNA that is character-
ized by a higher genetic load than the living population
No
Benefits:
Nutritional Enhanced growth rate due to utilization of extracellular DNA as a
nutrient
No
Fisher-Muller effect Accelerated adaptation due to alleviation of clonal interference among
beneficial mutations; requires finite populations
Yes
Note: The list of costs and benefits of bacterial sex through natural transformation is not exhaustive but includes only those effects that are present in
our model. Another important class of effects not studied here that can be both detrimental and beneficial arises through epistasis (see, e.g., Redfield 1988;
Moradigaravand and Engelsta¨dter 2012).
fitness of these types in pairwise competitions (table 2):
(1) the physiological cost of competence, (2) the bad genes
effect, (3) the nutritional value of the DNA that is taken
up, and (4) benefits of recombination. The first two factors
can be conceived as physiological and genetic costs of
transformation, respectively, whereas the latter two factors
correspond to physiological and genetic benefits of trans-
formation. In what follows, we will first examine how these
factors and the parameters of our model influence the
competition dynamics. We will then discuss our model
from an empirical perspective, in particular stressing our
lack of knowledge with respect to parameters that we ex-
pect to be of crucial importance for an understanding of
the evolution of natural competence and transformation.
Factors Affecting Selection for or against Competence
Since the production and maintenance of a DNA uptake
machinery is expected to be metabolically expensive, we
incorporated a constant physiological cost of competence
for the CFN and the CFR type into our model. Conversely,
our model also allowed for a nutritional benefit of DNA
uptake. Importantly, this nutritional advantage is accrued
by both the CFN and the CFR type, because following a
recombination event, the latter type may still metabolize
the DNA that was replaced by the incorporated DNA. The
fitness benefit of competent bacteria through DNA me-
tabolism depends on the abundance of free DNA in the
medium, but neither the physiological cost nor the nu-
tritional benefit depend on the genotypic composition of
the bacterial population or the DNA pool in our model.
Thus, these two factors affect the evolutionary dynamics
in competitions involving the NC type in a relatively
straightforward manner, whereas they do not play any role
in the competition between the CFN and the CFR type.
Not surprisingly, competence can evolve in our model
solely on the basis of its nutritional benefit if this benefit
outweighs the physiological and (in the competition be-
tween the NC and the CFR type) the bad genes effect.
In line with Redfield (1988) and Redfield et al. (1997),
our results reveal that the free DNA in the media carries
a higher genetic load than the population of living bacteria.
On the one hand, this is because unfit individuals have a
higher death rate than fit individuals in our model, so that
deleterious alleles are more likely to enter the free DNA
pool. On the other hand, a higher genetic load of the free
DNA pool is also a result of a time lag during adaptation
of the bacterial population because the pool of free DNA
may to some degree represent the genotypic composition
of an ancestral, less fit population. For these reasons, re-
combination with the fragments in this pool always re-
duces the fitness of the recombining population in the
deterministic model (the “bad genes” effect). This effect
is absent in meiotic sex, where there is no free DNA pool
and recombination has no effect in the absence of linkage
disequilibrium. We showed that two genetic factors can
ameliorate the bad genes effect and augment the fitness
of the CFR type: the decay of the DNA fragments in the
medium and the nonselective purging of the free DNA
fragments by the competent cells. (Note that both the CFN
and the CFR type can contribute to purging because even
though the latter type may rerelease deleterious alleles into
the DNA pool upon death, not all deleterious alleles that
are taken up are necessarily incorporated into the genome,
and not all alleles are released into the environment upon
cell death in our model.)
The strength of the bad gene effect will depend strongly
on the initial ecological setup. In our model, we have
assumed that a bacterial population colonizes and adapts
to a new environment that is initially devoid of DNA and
is not inhabited by other bacteria, but other setups may
also be realistic. If, for example, the new environment
already contains DNA of unrelated species, the bad genes
effect may be less pronounced because lack of DNA ho-
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mology may preclude recombination with most of the
DNA that is taken up. On the other hand, one could also
envision a situation where the bacterial population is al-
ready established but is faced with new environmental
conditions to which it then adapts. In this scenario, we
would expect the bad genes effect to be more pronounced
because there would be a preexisting pool of free DNA
containing the nonbeneficial alleles. These and other sce-
narios remain to be explored in detail.
Redfield (1988) and Redfield et al. (1997) showed that
the bad genes effect can be overcome and transformation
be favored when the strength of selection increases more
than linearly with an increasing number of deleterious
mutations per bacterium. This result is in agreement with
the deterministic mutation hypothesis in eukaryotes (Kon-
drashov 1988), which states that sex can be advantageous
in the presence of negative epistasis. However, Redfield et
al. (1997) argued that the conditions under which trans-
formation is favored are so restricted that DNA uptake is
unlikely to have evolved through selection for recombi-
nation. Here, we have shown that the bad genes effect can
also be overcome in the absence of fitness interactions
between mutations in finite but still large populations.
Specifically, a substantial benefit to recombination can
arise through accelerating adaptation, according to the
Fisher-Muller effect (Fisher 1930; Muller 1932). In line
with a number of other theoretical studies investigating
this effect in bacteria (Cohen et al. 2005; Levin and Cor-
nejo 2009; Wylie et al. 2010), we showed that even with
very low uptake rates, the Fisher-Muller effect can be so
strong that it leads to the complete extinction of the non-
recombining types by the end of adaptation. This does
not, however, preclude the possibility that competence is
maintained in bacterial population as a side effect of other
mechanisms, such as bacterial adhesion or motility (see
Bakkali 2013).
The Fisher-Muller effect is pronounced only when there
is clonal interference between beneficial mutations. The
strength of clonal interference is in turn dependent on the
population mutation rate and the strength of selection on
the beneficial mutations (Desai and Fisher 2007; Snie-
gowski and Gerrish 2010). For clonal interference to take
place, new mutants must be established in shorter times
than they are fixed. Our results indicate that the Fisher-
Muller effect is stronger in the four-locus case with small
fitness increments per beneficial mutation than the two-
locus case with large fitness increments per beneficial mu-
tation. This finding can be explained by considering higher
numbers of cosegregating beneficial mutations and there-
fore stronger clonal interference in the four-locus com-
pared with the two-locus case.
Although the Fisher-Muller effect is strong under most
circumstances, because of the bad genes effect, the CFR
population does not prevail in the long term if the non-
recombining types survive by the end of adaptation and
DNA accumulates in the environment. A benefit of re-
combination through the Hill-Robertson effect in the sto-
chastic setting should also exist following the phase of
adaptation because deleterious mutations continue to arise
(Keightley and Otto 2006). However, this effect was not
noticeable in our model, presumably because of the low
mutation rate that we assumed. Moreover, the CFR type
often becomes extinct when initially present only at low
frequencies, as also shown by Levin and Cornejo (2009).
Taken together, these results suggest that the Fisher-Muller
effect cannot solely account for the maintenance of com-
petence for recombination.
Our Model in the Light of Empirical Data
The evolution of recombination has been experimentally
studied in different bacterial species. In accord with our
findings, an accelerating effect of recombination through
transformation on adaptation has been demonstrated (Bal-
trus et al. 2008; Perron et al. 2012; but see Bacher et al.
2006). However, in order to bring theory and experiments
into closer contact, it would be desirable to translate es-
timates from experimental studies into parameter values
assumed in our model.
Estimates for the recombination rate have been obtained
from multilocus sequence typing (MLST) data for different
bacterial species. Unfortunately, we cannot directly equate
the parameter for DNA uptake to the recombination rate
from the MLST data. This is because in our model, the
number of free DNA fragments changes over time, thereby
resulting in changes in the recombination rate. However,
by considering the mean numbers of DNA and cells in
the period of simulation, we can relate the uptake rate to
the number of the recombination incidents. For instance,
figure 3 indicates that even for a very low uptake rate of
1016, the Fisher-Muller effect is still well pronounced. In
this case, the mean number of DNA fragments between
time 0 and 10,000 is . Thus, the rate of recom-8≈ 28 # 10
bination per locus is , which is seven times the87 # 10
mutation rate. This conservative estimate falls in the range
of the estimated value of 10 for Streptococcus pneumoniae
obtained from the MLST data (Feil et al. 2000). The es-
timated recombination rate is higher for Helicobacter pylori
and Bacillus subtilis (Falush et al. 2001; Johnsen et al.
2009). Note that the MLST data may underestimate the
real number of recombination incidents, since only fixed
events are counted and null recombination events are
neglected.
One important ecological factor that can alleviate the
bad genes effect is the degradation of the free DNA. The
stability of DNA in the medium depends on several factors,
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for example, extracellular nuclease activity and reactive
chemicals (Levy-Booth et al. 2007; Nielsen et al. 2007).
Extracellular stability of DNA has been measured in dif-
ferent environments, including water and soil, by detection
methods such as hybridization, polymerase chain reaction,
and transformation assays (Romanowski et al. 1992; Al-
varez et al. 1996; Levy-Booth et al. 2007; Nielsen et al.
2007; Dejean et al. 2011). Studies of the DNA stability and
transforming activity in soil reveal a range of 30 minutes
to 70 days (reviewed in Nielsen 2007). In controlled water
conditions, DNA is detectable up to several days (Alvarez
et al. 1996; Matsui et al. 2001; Dejean et al. 2011). To our
knowledge, the impact of DNA degradation on the evo-
lution of transformation has not been studied. Our finding
that the fitness of bacteria recombining through transfor-
mation can be strongly influenced by the rate of DNA
decay indicates that it is important to investigate the fitness
effect of this parameter experimentally.
Besides DNA degradation, DNA uptake, and the Fisher-
Muller effect, a nutritional benefit of DNA can directly
improve the fitness of the competent type and therefore
counters the bad genes effect in our model. Our results
imply that a rather high nutritional value for DNA and
high uptake rate of DNA are required to overcome the
bad gene effect. It has been shown in several species that
bacteria can indeed use DNA as a nutrient (Jorgensen et
al. 1994; Finkel and Kolter 2001; Palchevskiy and Finkel
2006; Pinchuk et al. 2008). For example, Escherichia coli
can grow on DNA as the sole source of carbon and energy
(Finkel and Kolter 2001), and eight genes have been iden-
tified that are necessary for DNA uptake and that provide
a competitive advantage during stationary phase (Pal-
chevskiy and Finkel 2006). Pinchuk et al. (2008) reported
that Shawanella spp. can also use extracellular DNA as the
sole source of phosphorous. Unfortunately, although these
studies clearly indicate a direct nutritional benefit of DNA,
it is impossible to derive an exact nutritional value of DNA
from these studies because the DNA uptake rate and
growth rates under different DNA concentrations were not
determined.
A nutritional benefit of DNA is not observed for all
bacteria, and in some species increasing concentrations of
DNA can even decrease the growth rate of the competent
type (Bacher et al. 2006). Moreover, it should also be noted
that some bacteria, such as Vibrio cholerae, possess non-
specific nucleases that are secreted directly into the envi-
ronment to digest extracellular DNA to nucleotides
(Blokesch and Schoolnik 2008). These nucleases, along
with uptake systems for nucleotides, seem to make an
elaborate machinery of competence for the purpose of
nutrition redundant. Becoming competent may thus not
enhance growth, since noncompetent bacteria can equally
benefit from the DNA in the environment. More research
ascertaining the metabolic value of DNA under different
environmental conditions is clearly needed.
Although our model incorporates some of the main
physiological and ecological factors of a bacterial habitat,
we made a number of simplifying assumptions in order
to keep our model tractable. First, we assumed that the
competent bacteria are as sensitive to the selection treat-
ment as the noncompetent bacteria are. However, because
of their reduced metabolic rate, competent bacteria may
die more slowly than noncompetent bacteria under ad-
verse conditions (Nester and Stocker 1963; Haijema et al.
2001). This can greatly augment the fitness of the com-
petent type in a process termed “episodic selection” (John-
sen et al. 2009).
Second, we neglected the active excretion of DNA by
bacteria into the medium as observed for some species
(Lorenz et al. 1991; Hamilton et al. 2005; Draghi and
Turner 2006). We expect that with active DNA secretion
of DNA from live cells, the DNA fragments in the medium
have a lower genetic load, and thereby recombination be-
comes more favorable. Third, we ignored the possibility
that genes involved in the DNA uptake and transformation
machinery undergo homologous recombination them-
selves. Under this assumption, the recombinant type may
eliminate itself from the population when in minority as
a result of recombination of transformation genes with
nonfunctional genes released into the environment by the
noncompetent cells (Redfield 1993). Fourth, we have ne-
glected details of bacterial growth change due to feeding,
which can change depending on the availability of different
substrates and limiting factors in the environment. One
interesting extension of this current model would be to
incorporate a growth model where the effect of the avail-
ability and concentration of different components of DNA
on growth rate are explicitly modeled. Fifth, we did not
investigate the evolution of uptake and incorporation rates
and assumed these parameters to remain constant with
time. This assumption can be relaxed in future studies to
obtain a more complete picture of the factors that select
for the evolution of a DNA uptake system in bacteria.
Finally, we assumed that all bacteria of a given type are
equally and constantly competent. Thus, we did not take
into account the wide variation across different species in
the conditions required for the development of compe-
tence or the temporal switching between the competent
and noncompetent states within the bacterial population
(Wylie et al. 2010).
Conclusion
Our results, as summarized in table 2, highlight similarities
but also differences between the selective forces responsible
for the evolution and maintenance of sex in bacteria and
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those in eukaryotes. Our study complements previous
models that focused more on other factors influencing the
evolution of natural competence, such as phenotypic
switching between the competent and the noncompetent
state (Johnsen et al. 2009; Wylie et al. 2010) or adaptation
on complex fitness landscapes (Moradigaravand and En-
gelsta¨dter 2012). In order to assess the relative importance
of all of these factors and arrive at a complete picture of
why competence has evolved in bacteria, it is vital to ex-
perimentally determine important parameters such as the
DNA degradation rate or the nutritional value of DNA.
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